Environmental factors are known to influence sex determination in many nonmammalian vertebrates. In all crocodilians studied thus far, temperature is the only known determinant of sex. However, the molecular mechanisms mediating the effect of temperature on sex determination are not known. Aromatase (CYP19A1) and SOX9 play critical roles in vertebrate sex determination and gonadogenesis. Here, we used a variety of techniques to investigate the potential roles of DNA methylation patterning on CYP19A1 and SOX9 expression in the American alligator, an organism that relies on temperature-dependent sex determination. Our findings reveal that developing gonads derived from embryos incubated at a male-producing temperature (MPT) show elevated CYP19A1 promoter methylation and decreased levels of gene expression relative to incubation at a female-producing temperature (FPT). The converse was observed at the SOX9 locus, with increased promoter methylation and decreased expression occurring in embryonic gonads resulting from incubation at FPT relative to that of MPT. We also examined the gonadal expression of the three primary, catalytically active DNA methyltransferase enzymes and show that they are present during critical stages of gonadal development. Together, these data strongly suggest that DNA methylation patterning is a central component in coordinating the genetic cascade responsible for sexual differentiation. In addition, these data raise the possibility that DNA methylation could act as a key mediator integrating temperature into a molecular trigger that determines sex in the alligator.
INTRODUCTION
Beginning with a bipotential gonad, sex determination in vertebrates requires a coordinated genetic program that differentially directs development that results in either a testis or an ovary. A number of genes acting during gonadal development have been identified, and with a few key exceptions, many are conserved across vertebrates [1] . The roles of these genes in sex determination and sexual differentiation have been characterized by a combination of approaches including loss-of-function studies in traditional models as well as comparative studies that examine gonadal expression during key developmental stages in a broad spectrum of species. However, the mechanisms regulating the expression of these genes, including the initial bifurcation of development toward either an ovary or a testis, are less well understood and, in some cases, appear to be remarkably divergent. For example, whereas mammals and birds rely on sex chromosomes and their random segregation to maintain favorable sex ratios, sex determination in many other taxa is determined by diverse environmental factors, complex genetic factors, or some combination thereof [2, 3] . In this study, we investigated the role of DNA methylation patterning as a potential mechanism influencing sexually dimorphic gene expression in an organism undergoing temperature-dependent sex determination.
Temperature has a documented influence on sex determination to variable degrees in many nonmammalian taxa [3, 4] . In all crocodilians studied thus far, sex chromosomes appear to be absent and temperature is the only known determinant of sex. For example, eggs from the American alligator incubated at 338C during a critical window of embryonic development, the thermosensitive period (TSP), will yield all males, whereas eggs placed at 308C will produce all females [5] . Temperature shift experiments have demonstrated that the TSP for sex determination takes place between embryonic stages 21 and 24 for the American alligator [5, 6] . During this period, the initial morphological deviations from the bipotential gonad can be detected at the histological level [7, 8] . In addition, a temporal cascade of sexually dimorphic gene expression is observed [1, 9] . This genetic program has generally been characterized through analysis of gonadal expression of candidate genes with demonstrated roles in sex determination and/or gonad development in traditional models.
Perhaps the most important event during sex determination is the differentiation of Sertoli cells. Both anti-Müllerian hormone (AMH) and SRY (sex determining region Y)-box 9 (SOX9) reside in the genetic pathway leading to Sertoli cell differentiation and are thought to be among the earliest conserved markers of sexual differentiation in the developing vertebrate testis [10, 11] . Consistent with these observations, both SOX9 and AMH are among the first transcripts to be differentially expressed in the gonads of alligator embryos incubated at male-producing temperature (MPT) [9, 12] . Initially identified in the 1950s as orchestrating the regression of the Müllerian duct in males, the AMH locus has since been cloned and is now known to encode a secreted ligand with homology to the TGF-b superfamily [13] [14] [15] . SOX9, in contrast, is a high mobility group (HMG)-box containing transcription factor related to the SRY gene found exclusively in mammals [16] . The SRY gene is sufficient to induce testis differentiation in transgenic mice harboring two X chromosomes, indicating that SRY is the master switch in mammalian sex determination [17] . Data suggest that the primary role of SRY is to induce expression of Sox9 in the testis. In mice, it binds directly to the testis-specific enhancer of Sox9 core and positively regulates Sox9 expression [18] . Sox9 directly induces transcription of downstream target genes involved in testis differentiation, including AMH. However, in stark contrast to mammals, an SRY homolog is absent in nonmammalian taxa. There are clear homologs of both AMH and Sox9 in other vertebrates [19] , including reptiles, and they appear to perform partially conserved roles [15, 20] . Still, the underlying mechanisms by which these genes are regulated appear to be more divergent, and further studies aimed at elucidating these mechanisms should reveal key insights into sex determination in nonmammalian species.
Gonadal sex is exquisitely sensitive to estrogen in many nonmammalian vertebrates. Exposure to exogenous estrogen during sexual differentiation of the gonad can override both genetic and environmental factors [3, [21] [22] [23] . For example, in alligators eggs incubated at MPT, external application of estradiol-17b to the eggshell just before the TSP results in allfemale hatchlings [6, 24] . The CYP19A1 gene encodes the aromatase enzyme that converts androgen to estrogen, and thus, its expression is thought to ultimately determine whether a gonad develops into an ovary or a testis. It is well established that incubation at female-producing temperature (FPT) results in increased expression of CYP19A1 relative to that in incubation at the MPT [24] [25] [26] . However, the mechanisms that mediate the effect of temperature on gonadal CYP19A1 expression in the alligator are not understood.
DNA methylation is a highly conserved epigenetic modification influencing gene expression and has recently emerged as a key mediator between an organism's genome and its environment. The presence of DNA methylation in gene promoters is generally thought to result in transcriptional repression [27] . However, more recent studies have demonstrated that methylation-mediated transcriptional repression is highly dependent on context and could be more complex than previously appreciated [28] . The covalent addition of a methyl group to cytosine occurs primarily in the context of CpG dinucleotides and is executed by three groups of DNA methyltransferase (DNMT) enzymes. Whereas DNMT3a and DNMT3b methylate DNA de novo, DNMT1 has been classified as a maintenance methyltransferase because it preferentially methylates hemimethylated DNA compared to unmethylated DNA [29] [30] [31] . These enzymes are thought to have prokaryotic origins and are thus widely conserved, with homologs identified in fish and birds and in plants [32] .
Recent reports have suggested a role for DNA methylation in sexual differentiation and sex determination. In the chicken, the methylation status of the CYP19A1 promoter is hypermethylated in males relative to that in females [33] . Chickens also exhibit another interesting sexually dimorphic methylation pattern referred to as the chicken male hypermethylated region (cMHM) on the Z chromosome. This region is largely methylated and silenced in ZZ males but gives rise to noncoding RNAs that are thought to negatively regulate DMRT1 in ZW females [34, 35] . Recently, the CYP19A1 promoter in the gonads of the red-eared slider turtle, Trachemys scripta, was shown to be differentially methylated in response to temperature, as groups of eggs incubated at a FPT appeared to have less methylation than those groups incubated at a MPT [36] . In the few fish species examined, the CYP19A1 promoter appears to be hypermethylated in males relative to that in females [37, 38] . Furthermore, in the European sea bass, a species in which sex is influenced by both genetic factors and temperature, the methylation status of the cyp19a1 promoter has been linked to temperature [38] . Similar to alligators, higher temperatures during sea bass development result in male-biased sex ratios, and the authors were able to demonstrate that higher temperatures resulted in increased methylation of the cyp19a1 promoter, resulting in decreased expression.
In this study, we used a combination of analyses, including methylated DNA immunoprecipitation (MeDIP) quantitative real-time PCR (qPCR), bisulfite sequencing, and gene expression analysis to investigate the role of DNA methylation patterning in sex determination and sex differentiation in the American alligator. We found that methylation patterns in the CYP19A1 promoter region are sexually dimorphic, indicative of an influence by temperature. Furthermore, we show that the SOX9 promoter region also displays sexually dimorphic epialleles, revealing a novel upstream differentially methylated region (DMR) in an organism undergoing temperaturedependent sex determination. In addition, we examined the gonadal expression of DNMTs during the TSP and were unable to detect differences in transcript abundance in response to different temperature incubations, indicating that sexually dimorphic epialleles are not likely caused by the differential expression of DNMTs. Together, the data presented here provide evidence that DNA methylation patterning is involved in linking incubation temperature to a sex-specific genetic program that results in the development of either a testis or an ovary.
MATERIALS AND METHODS

Field Collection and Egg Rearing
All experiments described in this study conformed to the guidelines set forth by the Institutional Animal Care and Use Committee at the Medical University of South Carolina. Field collections were performed under permits obtained from the Florida Fish and Wildlife Conservation Commission and the U.S. Fish and Wildlife Service. All alligator eggs used in this study were collected from Lake Woodruff National Wildlife Refuge located in central Florida. Eggs were collected during June 2010. A necropsy was performed on at least one egg from each clutch shortly after collection, and the resulting embryo was staged according to criteria of Ferguson [39] . All eggs were then placed in damp sphagnum moss and incubated at FPT (308C) until they reached stage 19. At stage 19, clutches were divided, and eggs were placed at either MPT (33.58C) or were left incubating at FPT. Subsets of eggs were sacrificed at subsequent stages, and the gonad-adrenal-mesonephros (GAM) complexes were dissected and immediately placed in RNA at À808C.
Tissue Collection, Nucleic Acid Isolation, and qPCR Before being processed, gonads were further dissected from the GAM complex under a dissecting microscope as previously described [40] . Both RNA and DNA were simultaneously extracted from each tissue. RNA was extracted using the one-step acid phenol-guanidinium thiocyanate-chloroform method described by Chomczynski and Sacchi [41] with minor modifications. RNA was then further purified using the SV total RNA isolation system (Promega, Fitchburg, WI). Genomic DNA was isolated from the organic phase resulting from the RNA extraction by addition of 1 M Tris base for every milliliter of denaturing solution used. Samples were briefly mixed and centrifuged at 12 000 3 g for 30 min. The genomic DNA contained in the resulting aqueous phase was further purified by two rounds of phenolchloroform extraction, followed by precipitation with ethanol. DNA and RNA were assayed both for quality and quantity, using standard gel electrophoresis and a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE). Synthesis of cDNA was carried out as previously described [40] . Quantitative real-time PCR was performed using a C1000 Thermal Cycler equipped with a CFX96 real-time system (Bio-Rad, Hercules, CA). Data were collected and analyzed using CFX Manager version 3.0 software (Bio-Rad). Reactions were PARROTT ET AL. Table 1 . For each gene, expression values were derived by comparison to a series of target-containing plasmid standards of known concentration (copies/ll). Expression values were then normalized to that of ribosomal protein L8 (RPL8) expression, which served as the internal control for all expression analyses.
MeDIP qPCR
Genomic DNA was enriched for methylated DNA for each individual by using the Epimark methylated DNA enrichment kit (New England Biolabs, Ipswich, MA). One microgram of DNA was separated into either a methyldepleted fraction or a methyl-enriched fraction according to the manufacturer's protocol. In addition, 1 lg of DNA was used in a ''mock'' bead-only enrichment to test for nonspecific enrichment. Quantitative PCR was carried out as described above with a few exceptions. Reactions were performed with relative standard curves of serially diluted genomic DNA. For each individual locus combination, triplicate reactions were performed for the methyl-enriched, methyl-depleted, bead-only enriched, and original input fractions. In all cases, reactions incorporating the bead-only enrichment resulted in amplification below the limits of detection. Enrichment efficiency was determined by dividing the expression value resulting from the methyl-enriched fraction by the total recovery (methyl-depleted fraction þ methyl-enriched fraction). Primers were designed to produce amplicons in the 5 0 regions of target loci and are described in Table 2 .
Bisulfite Modification, PCR, and Sequencing
One microgram of genomic DNA from each individual was treated with sodium bisulfite, using the EpiMark bisulfite conversion kit (New England Biolab). For all subsequent reactions, PCR was performed in a 50-ll volume using Hot Start DNA Taq polymerase (EpiMark). The targeted region was amplified with two rounds of PCR, using either one or two nested primers. Sequence information for primers used to amplify bisulfite-treated DNA is listed in Table 3 . External PCR conditions for the CYP19A1 promoter were as follows: 30 sec at 958C; 5 cycles of 15 sec at 958C, 30 sec at 548C, 60 sec at 688C; 30 cycles of 15 sec at 958C, 30 sec at 518C, 60 sec at 688C; followed by a final extension of 5 min at 688C. The external PCR conditions for both the SOX9 promoter and 5 0 -untranslated region (UTR) were as follows: 30 sec at 958C; 5 cycles of 15 sec at 958C, 30 sec at 558C, 60 sec at 688C; 30 cycles of 15 sec at 958C, 30 sec at 528C, 60 sec at 688C; followed by a final extension of 5 min at 688C. Nested PCR conditions for all loci were as follows: 30 sec at 958C; 35 cycles of 15 sec at 958C, 30 sec at 538C, 60 sec at 688C; followed by a final extension of 5 min at 688C. The resulting PCR products were gel-purified and cloned into the pGEM-T vector (Promega). For every individual, 8-12 clones were sequenced using either the T7 or SP6 primer. The resulting sequences were examined for conversion efficiency and accuracy, using BiQ analyzer software [42] . Sequences with less than a 98% conversion rate were not analyzed. For each individual, the methylation status of each CpG was computed as an average of the clones originating from that animal. The methylation status reported for individual CpG dinucleotides and for promoter regions are derived from these values.
Statistical Analyses
All statistical analyses were performed using Prism version 6.0 software (GraphPad). Gene expression ratios, as well ratio data resulting from MeDIP qPCR and bisulfite sequencing data were arcsin transformed before analysis. Significance was set at a P value of ,0.05. A Student t test was used to compare enrichment efficiencies resulting from MeDIP qPCR experiments. Two-way analysis of variance (ANOVA) was used to analyze data resulting from bisulfite sequencing and gene expression data resulting from qPCR analysis. For methylation data, incubation temperature and CpG site were set as the independent variables, and when appropriate, a Bonferroni post-test was performed to identify significant temperature effects at individual CpG dinucleotides. Independent variables for gene expression analysis were developmental stage and incubation temperature, and when appropriate, a Bonferroni post-test was performed to identify significant temperature effects at each developmental stage.
RESULTS
Survey of Sexually Dimorphic DNA Methylation Patterning
In an initial effort to identify sexually dimorphic DNA methylation patterns in the alligator, we examined gonadal DNA methylation in developing embryonic gonads. Alligator eggs from four clutches were collected from the field shortly after they were laid and placed at FPT (308C). Upon reaching stage 19, just prior to the TSP of sex determination, clutches were split and eggs were incubated either at MPT (338C) or FPT and allowed to develop through the TSP. At stage 27, genomic DNA was extracted from embryonic gonads and enriched for methylated DNA, using a magnetic bead-based approach that incorporated a fusion protein of the methyl-CpG binding domain of human MBD2 protein and the Fc tail of human IgG1 (MBD2-Fc). Genomic DNA was separated into fractions that were either enriched or depleted of 5-methyldeoxycytosine. However, due to the technical nature of the methodology, efficiency of the enrichment is a function not only of the methylation status of cytosine but also the density of potential methylation sites (CpGs). In eukaryotes, proximal promoter elements, including transcription factor binding factor sites, and the core promoter (e.g., TATAA box) are generally, but not always, found within the 500 base pairs upstream of the transcription start site (TSS) of protein-encoding genes [43, 44] . For the purpose of this study, we refer to the 500 base pairs immediately upstream of the transcription start site as the promoter region. Using primers designed to produce amplicons within this region, we probed genes with sexually dimorphic gonadal expression for differences in the resulting fractions of DNA among individuals raised at MPT and FPT by qPCR (Fig.  1) . Surprisingly, we detected an increase in methylation in the promoter region of the SOX9 locus in gonadal DNA from embryos incubated at FPT relative to those incubated at MPT (P ¼ 0.037), but we were unable to detect dimorphism in the promoter region of the CYP19A1 locus (P ¼ 0.97). Furthermore, we did not observe significant differences between the methylation status in the 5 0 regions of follistatin (FST), AMH, or estrogen receptor 1 (ESR1) loci (P ¼ 0.99, 0.39, and 0.20, respectively). Whereas the 5 0 region of the AMH locus contains very few CpG dinucleotides, the fifth exon and the surrounding genomic region contain a strong CpG island. We designed primers to amplify this region as well but did not observe sexually dimorphic enrichment (P ¼ 0.43, data not shown). These data provide evidence that the SOX9 promoter region is hypermethylated in the gonads of embryos incubated at the FPT relative to those incubated at the MPT.
Sexual Dimorphic Patterning at the CYP19A1 Promoter
We reasoned that the observed lack of differential methylation in some loci examined in MeDIP qPCR experiments could accurately reflect an absence of sexually dimorphic methylation. However, in other loci we could not rule out the fact that low CpG density was resulting in decreased enrichment efficiency and ultimately leading to insufficient sensitivity. In particular, whereas CpG islands were observed in the 1 kb of sequence surrounding the TSSs of SOX9 and FST, we observed an absence of CpG islands in the AMH, ESR1, and CYP19A1 promoter regions (CpG islands were as defined by Gardiner-Garden and Frommer [45] ). Although the CYP19A1 promoter lacked CpG islands, several CpG dinucleotides were observed upstream of the TSS (Fig.  2A) . In an effort to determine whether incubation temperature resulted in differential methylation of the CYP19A1 promoter region, we performed bisulfite sequencing with the six CpG dinucleotides found in the 500 bp upstream of the TSS. 
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Genomic DNA isolated from the same clutch-matched embryos described above was treated with sodium bisulfite. Treating DNA with sodium bisulfite results in the deamination of unmethylated cytosine to uracil, whereas methylated cytosines are protected from conversion. Subsequent amplification by PCR results in thymidine incorporation in place of the uracil, and the subsequent amplicons can be cloned and sequenced to determine methylation status at nucleotide resolution. The percentage of methylated cytosine appeared to be higher at each individual CpG dinucleotide in the gonads, resulting from incubation at MPT compared to those incubated at FPT (Fig. 2B) . When the methylation status was analyzed at the promoter level, incubations at MPT resulted in 80% methylation, whereas incubations at FPT resulted in 47% methylation (Fig. 2C, F 1,71 ¼ 19.02, P , 0.0001 ). These data demonstrate that the CYP19A1 promoter is hypermethylated in gonads resulting from incubation at MPT compared to those incubated at FPT.
We next investigated the relationship between the expression of CYP19A1 and the methylation status of individual CpGs. RNA was simultaneously extracted from those gonads used in the previous analysis and CYP19A1 transcript abundance was measured with qPCR. We performed a linear regression analysis between the methylation status at each CpG dinucleotide within the 500 base pairs upstream of the TSS and the transcript abundance for each individual (Fig. 3A) .
Interestingly, while the lines of best fit for each CpG trended negatively, there appeared to be variations among the degrees to which the methylation status of individual CpG dinucleotides were related to the expression level of CYP19A1. Little to no CYP19A1 expression was observed in gonads incubated at MPT; thus, to examine this relationship between DNA methylation and CYP19A1 expression at a higher resolution beyond the on/off observed between presumptive males and females we analyzed only those gonads resulting from incubation at FPT (Fig. 3B) . The negative trends observed from examination of those gonads from embryos incubated at both MPT and FPT were still present. However, a linear regression analysis revealed no significant correlations between CpG methylation and the transcriptional activity of CYP19A1, when only those gonads from embryos incubated at FPT were analyzed. These data suggest that methylation status at some CpG dinucleotides is linked to transcriptional activity at the CYP19A1 locus and that methylation at some CpG dinucleotides might be more tightly associated with gonadal expression of CYP19A1 than others.
Sexual Dimorphic DNA Methylation in the SOX9 Promoter Region
To confirm the results from the MeDIP qPCR analysis and to gain nucleotide resolution of sexually dimorphic methylation patterning at the SOX9 locus, the promoter region and 5 0 -UTR 
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were bisulfite sequenced. Unlike the CYP19A1 promoter region, the SOX9 locus contains two CpG islands: one in the 500 bp upstream of the TSS and another in the first exon (Fig.  4A) . Using the aforementioned tissues, we examined the methylation status of the 15 CpG dinucleotides in the 450 bp upstream of the TSS. Incubation at FPT appeared to result in increased methylation at all CpG dinucleotides, except one (Fig. 4B) . When the methylation status of all CpG dinucleotides within the 450 base pairs upstream of the TSS were analyzed together, incubation at FPT resulted in increased methylation (49%) relative to incubation at MPT (33%, F 1,180 ¼ 33.45, P , 0.0001) (Fig. 4C) . Multiple comparisons of the effect of temperature at each CpG revealed statistical significance at CpG 11. Thus, the promoter region of SOX9 undergoes sexually dimorphic DNA methylation patterning upon incubation at either MPT or FPT. In addition to a temperature effect, we also detected an effect of CpG site (F 14,180 ¼ 19.63, P , 0.0001), thus revealing a heterogeneity that could reflect functional roles for individual CpGs in the SOX9 promoter region. We also analyzed DNA methylation downstream of the TSS in the 5 0 -UTR that contains eight potential methylation sites (CpG 16-23) (Fig. 4A) . Interestingly, this region displayed very little methylation regardless of incubation temperature (MPT ¼ 0.3% 6 0.3; FPT ¼ 1.6 6 PARROTT ET AL.
1.1), and no statistical significance was detected (F 1,101 ¼ 0.53, P ¼ 0.47) (Fig. 4D ). These data demonstrate that incubation at FPT results in hypermethylation of the SOX9 promoter region but not 5 0 -UTR compared to incubation at MPT. To gain insight into the influence of methylation at individual CpG dinucleotides within the SOX9 promoter region on transcriptional activity, we examined the relationship between gonadal DNA methylation and SOX9 transcript abundance across individuals. A linear regression analysis including embryos incubated at MPT and FPT revealed that increased methylation of some CpG dinucleotides, but not others, was significantly associated with decreased SOX9 transcript abundance (Fig. 5) . Interestingly, unlike the results obtained through a similar analysis of the CYP19A1 locus, a relationship between methylation at some CpG dinucleotides in the SOX9 promoter region appeared to be completely absent (Fig. 5) . We also examined the relationship between CpG methylation in the SOX9 promoter region and SOX9 expression in gonads arising from only those embryos incubated at MPT.
However, this sample set was not conducive to correlation analyses (n ¼ 5), and no significant relationship was detected (data not shown). Thus, these data demonstrate that methylation at particular CpG dinucleotides in the promoter region of the SOX9 locus are negatively associated with expression and, in addition to the observed site effect on CpG methylation, suggest an intricate relationship between CpG methylation and regulation of SOX9 expression in the developing gonad.
Gonadal DNMT Expression
We next addressed the question of whether the sexually dimorphic methylation patterning observed in the SOX9 and CYP19A1 promoter regions was accompanied by changes in the expression of DNMTs. Although increased DNA methylation was observed at both MPT and FPT, we deemed it plausible that discreet epigenetic patterning events accompanied by changes in DNMT expression could occur during different developmental stages in embryos incubated at each 
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temperature. In an effort to test this hypothesis, clutch-matched eggs were incubated at either FPT or MPT upon reaching stage 19, and gonads from subsequent stages were analyzed. To provide reference points beyond developmental stage, we examined the expression of AMH, a gene with welldocumented sexually dimorphic expression (Fig. 6A) . In addition, we examined the expression of SOX9 and CYP19A1, as both genes display sexually dimorphic methylation patterning in their promoter region (Fig. 6, B and C) . Significant temperature, stage, and interaction effects were observed for each gene when analyzed by two-way ANOVA: AMH (temp: F 1, 94 ¼ 157.3, P , 0.0001), SOX9 (temp: F 1, 94 ¼ 209.5, P , 0.0001), and CYP19A1 (temp: F 1, 92 ¼ 131.1, P , 0.0001). However, we were unable to detect any main effect of temperature on the expression of DNMT1 (temp: F 1, 93 ¼ 0.55, P ¼ 0.46), DNMT3a (F 1, 91 ¼ 0.19, P ¼ 0.66), and DNMT3b (F 1, 93 ¼ 2.24, P ¼ 0.14). A stage effect was observed for DNMT1 and DNMT3a but not for DNMT3b, indicating that their expression in the gonad was developmentally regulated. In addition, an interaction effect between temperature and stage was observed for both DNMT3a and DNMT3b expression. Thus, taken at face value, the DMRs detected in the SOX9 and CYP19A1 promoter regions are likely not due to differences in the expression levels of known DNMTs.
DISCUSSION
Sexually dimorphic DNA methylation patterning of the CYP19A1 promoter is conserved in other vertebrates. A recent report examining DNA methylation in the gonads of T. scripta found that the CYP19A1 promoter appeared hypermethylated in groups of turtles that were incubated at MPT relative to those groups incubated at FPT [36] . In the gonads of Japanese medaka and European sea bass, cyp19a promoter methylation is sexually dimorphic, with higher levels of methylation observed in testes relative to that in ovaries [37, 38] . Interestingly, in both fish species examined, administration of exogenous estrogens did not significantly affect methylation patterns within gonads, suggesting that methylation patterning of the fish cyp19a promoter is independent of estrogen signaling. In the chicken, the CYP19A1 promoter is also elevated in embryonic testes relative to that in ovaries [33] , but in contrast to fish, treating chromosomal male chicken embryos with a synthetic estrogen is sufficient to partially reduce methylation levels in the CYP19A1 promoter. However, it should be noted that whereas treatment with ethinyl estradiol appeared to completely feminize the embryonic gonad at the histological level, DNA methylation levels in the CYP19A1 promoter was only partially feminized and remained significantly elevated compared to that in normal females [33] . The origin of sexually dimorphic methylation patterns within the alligator CYP19A1 promoter reported in this study is currently unknown. Further investigation examining the sensitivity of these patterns to exogenous estrogens should aid in determining whether they are likely to originate upstream or downstream of endogenous estrogen signaling.
The present study also reveals sexually dimorphic methylation patterning of the SOX9 promoter region in embryonic gonads. In contrast to CYP19A1, elevated methylation of the SOX9 promoter region was observed in gonads incubated at FPT relative to those incubated at MPT. These data imply that DNA methylation occurs in a gene-specific context in the alligator gonad and is not merely a consequence of sex differences in global methylation. At present, it is not clear if all sexually dimorphic DNA methylation patterns within the developing gonad are established concurrently during a wave of epigenetic programming or if each locus acquires its epigenetic signature independently. A stage-by-stage analysis of promoter methylation is needed to determine the timing of when these sexually dimorphic patterns are established.
In addition, investigating DNA methylation patterning on a genome-wide scale during the TSP should reveal the extent of sexually dimorphic DNA methylation patterning. It is possible that in those taxa lacking genetic influences on sex determination that DNA methylation serves to establish and/or stabilize sex-specific genetic programs. Indeed, it has been hypothesized that dimorphic methylation of sex-determining loci could be an accelerant to Muller's ratchet and an evolutionary precursor to heterologous sex chromosomes PARROTT ET AL. [46] . According to this hypothesis, small environmental changes would determine sex in those taxa lacking sex chromosomes by altering methylation patterning at discreet, sex-determining loci. The genomes of other species undergoing temperature-dependent sex determination (TSD) are quickly becoming available [47] [48] [49] , and comparative studies aimed at elucidating the role of DNA methylation in TSD should yield insights into the conservation of these patterns. SOX9 is detected in the presumptive testis of many species and is thought to perform a critical upstream role in sex determination and gonadogenesis. However outside of mammals, we understand very little regarding how the expression of SOX9 is regulated. In T. scripta, SOX9 transcripts are detected at low levels in the gonads of embryos incubated at both MPT and FPT during early TSP [50, 51] . During the second half of T. scripta TSP, SOX9 expression dramatically increases in gonads incubated at MPT. Treatment with estradiol is sufficient to block this upregulation and suggests a critical role for endogenous estrogen signaling in repressing SOX9 expression in the developing ovary [51, 52] . In contrast to T. scripta, it has 
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been reported that SOX9 is not expressed in the testis of crocodilians until after the TSP [12, 53] . However, in the present analysis, SOX9 transcripts are detected at low levels during the TSP. A robust increase in gonadal SOX9 expression is observed at MPT shortly after the TSP and, thus, more closely resembles the expression pattern reported in T. scripta than previously realized. Whether SOX9 expression in the alligator gonad is also inhibited by treatment with exogenous estrogens awaits further study. However, it is intriguing to speculate that estrogen-dependent repression of SOX9 expression could be mediated through methylation of the SOX9 promoter.
The canonical DNMTs are expressed in the alligator gonad during the TSP at both MPT and FPT. While stage was observed to affect expression of DNMT1 and DNMT3a, a direct effect of incubation temperature on expression was not observed for any of the DNMTs measured. Our results suggest that the presence or absence of specific DNMT transcripts alone is not responsible for the observed sexually dimorphic promoter methylation. Instead, a more complex model incorporating locus-specific targeting mechanisms, perhaps mediated by DNA binding proteins or long noncoding RNAs, is more likely required to explain the observed sexually dimorphic promoter methylation patterns. In addition, although the dimorphism of the promoter methylation patterns reported here is robust, it is not clear what functional roles they perform. Pharmacological approaches utilizing DNA methylation inhibitors, such as 5-azacytidine, have been used to address functionality in cell culture and traditional laboratory models. For example, ex vivo treatment of mouse gonads with 5-azacytidine inhibited testicular cord formation and Sertoli cell differentiation yet had no significant effect on the early stages of ovarian development [54] . However, despite demonstrating a broad requirement for DNA methylation in testicular development and in the regulation of certain genes, the specific epialleles that mediate these effects remain unclear [54] . While functionality remains difficult to address in nontraditional models, future studies incorporating DNA methylation inhibitors in combination with transcriptional profiling could reveal a subset of genes whose sexual dimorphic expression is dependent upon DNA methylation patterning.
Studies using alligator as a sentinel species have made considerable contributions to our understanding of how chronic exposure to environmental contaminants influences reproductive health [55, 56] . Alligators from environments contaminated with endocrine-disrupting compounds display disorders of the reproductive system that resemble well-documented human reproductive disorders including alterations in circulating sex hormone levels, morphological abnormalities of ovarian follicles, and a decreased robustness of sexually dimorphic gene expression [57] [58] [59] . Interestingly, ovarian expression of CYP19A1 is decreased in hatchlings originating from a contaminated site compared to those from a relatively pristine site [60] . These alterations in gene expression likely have epigenetic underpinnings as eggs removed from contaminated environments and placed in the laboratory yield juvenile alligators in which the aforementioned abnormalities persist [61] . In light of the current study, an attractive explanation for these observations is that developmental exposures to endocrine-disrupting compounds during TSP disrupts sexually dimorphic DNA methylation patterning, resulting in longlasting changes to the gonadal transcriptome. Could the alteration of sexually dimorphic methylated regions, in part, explain some of the hormonal and morphological abnormalities observed in animals from contaminated sites? A considerable challenge in addressing this question is analyzing DNA methylation across a population. The combined analysis of gene expression and DNA methylation within the same tissue ( Fig. 3 ) across many individuals should reveal individual CpG dinucleotides whose methylation status is tightly correlated to the expression of a given gene. Those CpG dinucleotides identified as being highly predictive of transcriptional activity at a specific locus could then be probed at the population level by using less costly, highly targeted approaches aimed at determining the methylation status of individual CpGs.
The present study demonstrates that within the embryonic gonads of alligators, the promoter regions of key genes acting in the sex determination pathway undergo differential DNA methylation patterning in response to incubation temperature. Incubating eggs at MPT during the TSP results in the CYP19A1 promoter being hypermethylated and the SOX9 promoter being hypomethylated relative to those eggs incubated at FPT. The dimorphic DNA methylation patterns reported here are consistent with a role for promoter methylation in negatively regulating transcriptional activity at these loci. These findings provide the first link connecting incubation temperature to an epigenetic mechanism regulating the transcriptional activity of multiple genes within the sex determination hierarchy in an organism undergoing TSD.
